Introduction
Alloimmunity is generally considered as an important component in transplantation and the MHC is one of the most potent alloantigen systems. However, alloimmunity can also be a complication of pregnancy or transfusion. While the MHC again plays an important role, other antigen systems contribute substantially. Such non-MHC antigen systems include the polymorphic proteins expressed on other circulating cells.
Among these, the platelet alloantigen system associated with surface integrin GPIIb/IIIa ( ␣ IIb ␤ 3 ) plays an important role in pregnancy and transfusion related alloimmunity (1, 2) .
A characteristic of these alloimmune responses is the presence of circulating antibodies specific for the alloantigen. These are thought to mediate the destruction of the cells expressing the alloantigen. One particular alloimmune response is interesting in its HLA restriction. The GPIIb/IIIa alloantigens HPA1a and HPA1b are defined by antibodies which are sensitive to the polymorphism at position 33 of the GPIIIa chain (3) . Mutagenesis experiments have shown that this polymorphism is sufficient for inducing alloantibody recognition (4) . The generation of a response to HPA1a (GPIIIa Leu33 ) requires that the responder be HPA1b (GPIIIa Pro33 ) homozygous. The resulting platelet destruction gives rise to post-transfusion thrombocytopenia purpura (PTP) or neonatal alloimmune thrombocytopenia (NAIT). 1 Interestingly, responders are almost always HLA DRB3*0101 (5) or DQB1*02 (6) . For NAIT, the relative risk for DRB3*0101 has been calculated as 141, which is of the same order as for one of the best examples of an HLA-linked autoimmune disease, ankylosing spondylitis and HLA B27. Also of interest is that the reverse response (anti-HPA1b) is much less frequent and does not show an HLA linkage (7) .
The contribution of B cells to this response has been studied by identification of factors involved in generating the epitopes on GPIIIa recognized by these cells. Not only has the controlling polymorphism been identified for this response, a number of experiments have led to the concept that the B cell epitope is complex (8) and may involve contributions from various parts of the GPIIIa chain (9, 10) .
While the B cell contribution has been the subject of much study, the contribution of T cells has been generally ignored. The high degree of HLA restriction in this response as well as the fact that the antibodies are IgG indicate that the B cells require T cell help. In this paper, we worked under the hypothesis that the polymorphic region controlling the antibody epitope could also function as the antigenic peptide responsible for this stimulation, a hypothesis which had been supported by preliminary experiments (11) . We used a combination of approaches to identify two likely T cell clonotypes involved in this response using the TCR ␤ -chain as a clonotypic marker. Clonotype-specific probes were used to investigate the levels of these T cells at various times after pregnancy.
HPA-1b and HLA DRB1*02, DRB1*03, DRB3*0101. Circulating anti-HPA1a antibodies were found after both the first and second pregnancy using antigen capture ELISA. Blood samples were obtained under an Institutional Review Board (IRB) approved protocol.
PBMC obtained from whole citrate blood were isolated by FicollHypaque (Pharmacia LKB Biotechnology Inc., Piscataway, NJ) gradient and used throughout this procedure. PBMC were collected at different times after delivery of the second child (6, 18, 24, 30 , and 42 mo, respectively).
Platelet membranes were prepared (12) from the platelet-rich plasma fractions collected from HPA1a and HPA1b homozygous individuals. The platelet donors were unrelated to the subject of the study. All blood samples were obtained with informed consent and under IRB approval.
Culture conditions. Culture was performed using PBMC isolated 30 mo after delivery, in RPMI-1640 culture medium (Whittaker, Rockville, MD) supplemented with 10% heat inactivated AB pool human serum, 1 mM L -glutamine, 1 mM sodium pyruvate, 10 IU/ml heparin, 4 g/ml gentamicin, 100 g/ml streptomycin, 100 g/ml penicillin and 25 mM HEPES buffer, in 6-well flat bottom plates (Costar Corp., Cambridge, MA) which were kept in incubator at 37 Њ C in a humidified 5% CO 2 air atmosphere.
PBMC (10 6 cells/ml per well) were initially incubated with different concentrations (50 M, 25 M, 12.5 M, or 2 M) of synthetic peptides GPIIIa 26-38leu33 or GPIIIa 26-38pro33 (as negative control). After 7 d, the cultures were divided in two parts. To both parts, fresh irradiated autologous PBMC (10 6 cells/ml) and the same appropriate concentration of peptide were added. To one part 50 IU/ml recombinant human IL-2 (Genzyme Corp., Cambridge, MA) was added and culture continued for 7 more days. After 14 d, cells were harvested, washed in PBS, and used for RNA preparation.
Peptide synthesis. The peptide GPIIIa 26-38leu33 and GPIIIa 26-38pro33 were synthesized on Pepsyn KA resin (Millipore Corp., Bedford, MA) using a 9050 Pepsynthesizer (Millipore Corp.) according to the manufacture-specified protocols. The peptides were purified by reverse phase HPLC (Beckman Instruments, San Ramon, CA) to Ͼ 90% purity using a C18 column (Vydac, Hesperia, CA). Fast atom bombardment mass spectra were obtained for the purified peptide and verified the expected weight. The sequence of the two peptides is as shown: GPIIIa 26-38leu33 , NH 2 -CSDEALPLGSPRC-COOH. GPIIIa 26-38pro33 , NH 2 -CSDEALPPGSPRC-COOH. The allelic differences are underlined.
The purified peptides were cyclized by forming disulfide bridges through air oxidation in 0.1 ammonium acetate buffer (pH 6.0) at a concentration of 0.1 mg/ml. The cyclized product was then repurified by (RP)HPLC. The pre-and post-oxidative products were then assayed using quantitative Ellman's test and FAB mass spectrophotometry.
RNA and cDNA preparation. RNA was prepared according to Chirgwin et al. (13) by homogenizing the cells in guanidinium isothiocyanate and pelleting in CsCl with a final ethanol precipitation. 1 g of total RNA was converted into cDNA using oligo (dT) as primer for reverse transcription as described earlier (14) .
PCR amplification. PCR amplification of cDNA was performed as previously described (15) . Briefly, the cDNA volume corresponding to 20 ng of total RNA was amplified in 30 cycles with 24 TCR BV family-specific primers (BV) and a ␤ -chain constant primer (BC). The BC primer was labeled at the 5 Ј end with 5 Ј 6 carboxyfluorescein (Pharmacia LKB Biotechnology Inc.). To avoid 24 different amplification of cDNA with all TCR BV family specific primers, 11 TCR BV primer pairs were used in multiplex PCR. The two primers also act as controls for each other in the PCR. Only for BV6 family was simplex PCR used. The sequences of the constant primer, the 24 TCR BV family-specific primers and their pairing for multiplex PCR, were published earlier (15) .
TCR spectratyping. This technique has been previously described in detail (15) . An equivalent volume of PCR-labeled product was mixed with formamide dye loading buffer, heated at 94 Њ C for 2 min, and applied to a prewarmed 5% acrylamide-urea sequencing gel.
Gels were run 100 min to resolve the region corresponding to 120-220 bp. The labeled PCR product was analyzed by Molecular Dynamics FluorImager 575 (Sunnyvale, CA).
Subcloning and DNA sequencing. The TCR ␤ -chain cDNA corresponding to specific spectratype bands were subcloned by performing a separate PCR using subcloning primers. These contained an additional PstI restriction site on the BV primers or a BamHI site on the C region primer. The primer sequences are: BV5.3, CTCAGGTCTG-CAGTTCCCTAACTATAGCTCTGAGC; BV11, GAGTCTGCA-GTCTCCAGAATAAGGACGGAGC; and BC, GAGCCATCA-GAAGCAGAGATCTGGATCCCCCA. The C region primer is synthesized as inverse complement of the sequence shown here.
PCR products were purified with phenol/chloroform extraction followed by ethanol precipitation. After resuspension in a small volume of water, the DNA was digested with the appropriate enzymes and ligated into digested pGEM 3zf(f) plasmid vector (Promega Corp., Madison, WI). The sequence analysis was performed using Taq Dye Deoxy-Terminator Cycle Sequencing Kit (Applied Biosystems Inc., Foster City, CA).
Colony and electroblot hybridization. Probes specific for the CDR3 of the TCR (clonotype-specific probes) were designed on the basis of the DNA sequences generated (Table I ). The probe sequence for the BV4 clonotype is GAGGGGGGGACCTCCTACG. Optimal hybridization and washing conditions were determined using plasmid cloned DNA. The probes were labeled using 32 P ␥ ATP and polynucleotide kinase and used for colony hybridization as described (16) . Spectratypes were electroblotted from acrylamide gels onto nylon membranes (0.22 mm; Magna Graph, MSI, Westboro, MA). The DNA was crosslinked for approximately 30 s UV using a Stratalinker UV 1800 (Stratagene Inc., La Jolla, CA), baked at 80 Њ C for 60 min, and hybridized in 50 Њ C with 32 P-labeled clonotype-specific probes. Hybridization was conducted in hybridization buffer (10 ϫ Denhard solution, 5 ϫ SSC, 7% SDS, 20 mM Na 2 HPO 4 and 100 g/ml denatured herring sperm DNA) at 50 Њ C overnight. The membranes were washed at 50 Њ C twice in 10 ϫ Denhard solution, 5% SDS, 70 M phosphate buffer, pH 7.0 and twice in 1 ϫ SSC, 1% SDS and subjected to autoradiography.
After clonotype-specific probe hybridization, the radioactive probe was stripped off (100 Њ C, H 2 O) and membranes were rehybridized with BC-specific oligonucleotide probe in the same condition as described above. An AMBIS Scanner (Ambis, San Diego, CA) or a Molecular Dynamics PhosphoImager was used to directly count the total radioactivity in each band.
Calculation for relative frequency of TCR clones. The frequency of T cell clonotypes was calculated using the cpm/band after hybridization with clonotype-specific probes and rehybridization with BCspecific probe. It is calculated as:
The correction factor is derived from hybridization of DNA from plasmid clone as:
Results

Identification of responding T cells.
The contribution of T cells to NAIT was studied by identifying T cells that expand or survive in primary bulk cultures. This form of culture was chosen as it represents a minimum deviation from the peripheral environment. Culture was for 1 wk without growth factors. After restimulation, a second week of culture was performed in the presence or absence of recombinant IL-2. Control cultures without peptide or with an autologous peptide were percpm/band clonotype-specific probe cpm/band BC-specific probe
formed in the same manner. Varying concentrations of peptide were used.
PBMC from a woman who had two affected pregnancies were used. These studies were performed on PBMC obtained 30 mo after the second pregnancy. At this time there was still a circulating titer of anti-HPA1a antibodies as measured by modified antigen capture ELISA.
T cells specific to cultures stimulated by the alloantigenic peptide were identified by their CDR3 length, an assay we refer to as a spectratype. A typical PBMC spectratype shows a Poisson distribution of 6-14 bands with a 3-bp spacing corresponding to T cells with expressing TCR mRNA of different CDR3 lengths. We use a bifamily PCR approach with two BV families coamplified in the same PCR. This reduces the complexity of the analysis and the two families act as controls for each other (15) .
An example of the results obtained is shown in Fig. 1 . The lane labeled 0 day shows the PBMC spectratype for the BV5.3 and BV4 families with 7 and 9 bands, respectively. After 2 wk of culture, the IL-2 ϩ culture shows a very intense BV5.3 band in the presence of the GPIIIa 26-38leu33 allopeptide, signifying T cell expansion. This band is not seen in the absence of peptide (lane where concentration ϭ 0) nor in cultures with the pro33 peptide. This signifies allopeptide-specific expansion. At 50-uM peptide the same band is the most predominant band and can be observed even in the absence of IL-2.
For the BV4 family (lower spectratype) there is no specific band increase in the cultures with peptide. The presence of IL-2 increases the intensity of some bands, but the same increase is seen in the absence of peptide. This type of negative result was seen for many other V families. Other negative patterns included no visible signal, or sporadic increases in band intensities, usually in the presence of IL-2.
Only the BV11 showed another example of specific response and the results are shown in Fig. 2 . A very intense band is seen in the presence of the leu33 allopeptide. This expansion is seen even in the culture without IL-2. In the presence of IL-2, the increase in band intensity is seen even in the 12.5-M culture, thus the peptide concentration appears to be saturating under these conditions. While the intensity is lower in the 25 M ϩ IL-2 culture, it still represents one of the two predominant species in the culture. Thus, these three cultures could be viewed as triplicates with excellent expansion occurring in two of the three cultures with the third culture showing adequate expansion. In the absence of IL-2, there is a definite dose dependence on the intensity of the band. As can be observed at 0 day, BV19 does not show a 3-bp pattern. This is due to defective expression and thymic selection (17) .
Therefore, two likely examples of specific T cell expansion were identified after this analysis.
Sequence and clonotype analysis. An intense spectratype band could represent one or a multitude of unique clonotypes. Therefore, the sequence complexity of each band was examined. The PCR products from cultures in which one intense band was present was used for bacterial cloning and sequence analysis. For the first round of sequencing four and five bacterial colonies containing BV5.3 and BV11 inserts, respectively, were chosen for sequencing. For each BV family, all the colonies gave identical sequences (Table I ). The two TCR thus identified used different J regions. A striking observation is that while the DNA sequences are different, there is a conservation of amino acid sequence, indicating the use of a shared recognition motif in the CDR3 of the ␤ -chain. The motif consists of two identical residues, L and P, followed by S or T. The fourth position represents the use of an amino acid with a very small side chain.
Clonotype-specific oligonucleotide probes (bold in Table I ) were generated on the basis of these sequences and used for hybridization of the remaining bacterial colonies. Of the colonies with BV5.3 inserts, 76% hybridized with the probe. The number was even higher for the BV11 hybridization, 94%. Thus, on the basis of colony counting, the bands appear to be predominantly represented by one sequence.
An independent test of the actual BV5.3 and BV11 PCR products was performed to determine the contribution of these clonotypes to the signals observed in the spectratype analyses of the cultures. New spectratypes were generated, electroblotted to nylon, and hybridized with the clonotypespecific probe. After phosphorimaging, the membranes were stripped and hybridized with a C region probe. This analysis is shown in Fig. 3 for BV5.3 and Fig. 4 for BV11. It can be seen that these clonotypes are present in all the cultures in which the original band intensity increase had led us to hypothesize a specific expansion.
The same approach was used to independently estimate the contribution of the clonotype to the total signal of the band. The cDNA from culture after 50 M peptide stimulation ϩ IL-2 was used for this analysis. To insure that the PCR data could be used for quantitation, a dilution series of cDNA was used for the PCR step and reactions where band intensity was a linear function of amount amplified were analyzed. To correct for differences in efficiencies between the clonotype and C region probes, a dilution series of plasmid containing the cDNA insert was also hybridized. As the target ratio of clonotype to C region is 1:1 on the plasmid clone, differences in hybridization intensity represent differences in probe efficiency (labeling or hybridization) and must be corrected for. The results of these measurements and calculations indicated that BV5.3 clonotype represented 86% of the total band intensity. This is in keeping with the 76% obtained from colony counting. The same analysis gave 110% for BV11 which again is close to the 94% obtained by colony counting. Therefore, the response appears to be monoclonal for both these BV families.
Clonotype frequencies in peripheral blood as a function of time after pregnancy. If the two clonotypes identified by their ability to respond in vitro are really involved as part of NAIT, then their frequency should be higher in unstimulated PBMC obtained closer to the time of delivery, and thus closer to the time of the last stimulation in situ. PBMC samples were available from a number of time points after delivery of the last affected child. BV5.3 and BV11 spectratypes were generated and used for clonotype hybridization. The autoradiograms of both analyses are shown in Fig. 5 . The signal for the clonotypespecific probe is shown along with the signal for the same electroblot after rehybridization with a C region probe. It is clear that the clonotype signal at the earliest time point (6 mo after delivery) is the most intense relative to the C region signal. For the BV11 clonotype, the signals were sufficient for quantitation directly from the filter (Table II) . The counts per band are shown for the BV11-and BC-specific probes. The clonotype frequency is calculated as the percent ratio of BV11/BC cpm/ band. The clonotype frequency is highest right after delivery and decreases at later times. It should be pointed out that at 30 mo after delivery the signal in the unstimulated PBMC is almost undetectable (0 day; Figs. 3 and 4) .
A nonresponsive clonotype does not show a relation between frequency in peripheral blood as a function of time after pregnancy. To rule out any possible large scale turnover of T cell clonotypes as a general characteristic of the period immediately after pregnancy, a random clonotype was assayed in the same manner as described above. This BV4 clonotype was identified from an anchor PCR-amplified TCR cDNA library obtained from blood sampled at time of delivery (11) . This BV4 clonotype was a high frequency component at that time (11) and thus would make an excellent candidate for measuring nonspecific repertoire turnover. The same cultures were analyzed for the presence of this clonotype and the 14-d results with IL-2 are shown in Fig. 6 ( left ) . The clonotype did not respond in cultures with the leu 33 peptide and IL-2, nor did it show a decrease in frequency in PBMC obtained at later times after pregnancy (Fig. 6, right ) . The calculated hybridization intensities of the clonotype-specific probe for the same three time points as were calculated for the BV11 clonotype are shown in Table II .
The peptide-specific T cells can respond to allogeneic platelet membranes. The significance of these observations could be enhanced by showing that the T cells can respond to allogeneic but not autologous platelet membranes. A sonicated platelet membrane preparation derived from either an HPA1b or from an HPA1a individual was used to stimulate PBMC (18-mo sample). The culture was without added lymphokines and analyzed after 4 and 7 d. Fig. 7 shows the results of hybridization of a VB11 spectratype with the BV11 clonotype-specific probe and subsequent rehybridization with a C region probe. It is evident that the allogeneic HPA1a platelet membranes were stimulatory whereas the HPA1b platelet membranes were not. A response could be observed by day 4 indicating a rapid kinetic. 
Discussion
We present here an analysis of a recall response to a non-HLA platelet alloantigen which can have a clinical manifestation during pregnancy. This analysis is performed using defined peptides for T cell restimulation and the responding repertoire is analyzed using molecular biological techniques. The alloantigen, HPA-1a has been extensively studied from the B cell perspective (9, 18) , but the contribution of the T cell response has been relatively ignored. A T cell component is strongly suspected because of the class II HLA linkage (5). We hypothesized that a woman who had generated alloantibodies, gave birth to an affected infant, and whose circulating antibody titers were still measurable would be an excellent source of memory T cells for a recall response. We also hypothesized that at least a part of the T cell response may be due to recognition of the same polymorphism that is responsible for controlling the B cell epitope. Peptides from this region were synthesized and used for the restimulation assays. The HLA-DR binding properties of these peptides is the subject of a separate study (S. Wu, K. Maslanka, and J. Gorski, manuscript in preparation). The CDR3 length heterogeneity of the BV chain was used to measure in vitro repertoire complexity for each BV family. The BV chain can be used as a clonotypic marker to follow expansion of a particular T cell lineage as generation of one functional ␤-chain stops further BV recombination (19). Thus, there is usually only one BV gene expressed per cell (20) (21) (22) . CDR3 length analysis has been used to analyze the response to pigeon cytochrome c and this analysis was aided by a final in vitro expansion (23) . We have also applied this form of analysis to short term cultures stimulated with matrix and nucleoprotein peptide antigens from influenza virus (M. Yassai and J. Gorski, manuscript in preparation).
The short term cultures used for restimulation were performed under relatively simple conditions. A very restricted T cell response was observed with the same bands appearing in cultures performed at different times. Detailed analysis showed that there were two predominant clonotypes involved. They shared a recognizable CDR3 motif but used two different BV families. The presence of a CDR3 motif is taken to indicate TCR selection for antigen recognition (24) . There are numerous examples where a class II MHC restricted response shows this characteristic for the BV or AV chains (25) (26) (27) (28) (29) (30) (31) (32) . Finding a CDR3 motif associated with two different BV genes in the same animal or individual is much less common (33) . However, in vitro mutagenesis has shown that for moth cytochrome c peptide, the transfer of a CDR3 onto an unrelated BV gene reconstituted partial recognition (34) . The presence of the BV CDR3 motif supports the relevance of the clonotype expansions. Both of the clonotypes were specific for the HPA-1a polymorphism as they would not be stimulated by a peptide with proline at position 33, as this represents a self peptide. These BV clonotypes identify a minimum of two responding T cell lineages.
The biologic relevance of these clonotypes was confirmed by the observation that these clonotypes constitute a more substantial percentage of the circulating repertoire close to time of delivery, when stimulation of maternal T cells by fetal platelet is expected to be higher. The relative frequency decreased post-partum. It was difficult to show leu 33 peptide-specific expansion of these clonotypes in culture using PBMC from a later (42 mo) time point and expansion was partially masked in the 16-mo time point by the high starting level. Thus, there can be a window during which time the specific recall response may be most easily studied. A control clonotype, chosen at random from high frequency clonotypes present at time of delivery, did not show a leu 33 peptide-specific response nor a decrease with time post-partum. The observation that allogeneic platelet membranes were very efficient at stimulating the BV11 clonotype also indicates the relevance of these findings.
Thus, these T cells are very likely candidates for providing the HLA-DR restricted help for generation of the antiplatelet alloantibodies associated with NAIT. While these results implicate these T cell clonotypes in providing help for B cells, and represent the strongest current evidence for T cell involvement in antibody production to alloantigens, this is still indirect. Further experiments directly linking the presence of these clonotypes with ability to produce alloantibody in vitro will be necessary. It will also be interesting to link the nature of the antibody produced (8, 9, 35) with the nature of the T cell response. These correlations await further understanding of the variables involved in initiation of T cell responses. The penetrance of NAIT in HPA-1b, DRB3*0101 mothers with HPA-1a infants is low (36) arguing for the presence of additional factors.
The experiments presented here also show that peptides that contain polymorphism that control B cell epitopes can also stimulate T cells. In the case of the anti-HPA1 response studied here, this is not meant to imply that other peptides from either the ␤ 3 or ␣ IIb chains may not also participate in stimulating maternal T cells. Both these subunits are polymorphic (reviewed in reference 10) and any additional differences between mother and fetus may increase the chance of induction of an antibody response. However, inclusion of an additional polymorphism at position 40 of the ␤ 3 chain (37) did not influence the response controlled by leu33 when a longer peptide was used (unpublished observations) with the PBMC studied here. It is also possible that in some instances the polymorphism controlling the B cell epitope and the T cell epitope may be derived from separate peptides, analogous to a haptencarrier response. While this was not the case here, studies of additional HPA1 cases or of other platelet alloantigens may reveal such occasions.
The molecular analysis of NAIT presented here can be used as a paradigm for other alloantibody mediated responses. It is noteworthy that in spite of the many years that anti-HLA alloantisera have been collected from multiparous women and used for HLA typing, there is a profound ignorance of the details as to how these alloantibodies are generated. For alloantibody responses with clinical repercussions, the identification of T cells involved in alloantigen responses, especially ones sharing CDR3 motifs, may provide novel avenues of intervention.
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